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Summary
The ABC ATPase RNase-L inhibitor (RLI) emerges as
a key enzyme in ribosome biogenesis, formation of
translation preinitiation complexes, and assembly of
HIV capsids. To help reveal the structural mechanism
of RLI, we determined the Mg2+-ADP bound crystal
structure of the twin cassette ATPase of P. furiosus
RLI at 1.9 Å resolution and analyzed functional motifs
in yeast in vivo. RLI shows similarities but also differ-
ences to known ABC enzyme structures. Twin nucleo-
tide binding domains (NBD1 and NBD2) are arranged
to form two composite active sites in their interface
cleft, indicating they undergo the ATP-driven clamp-
like motion of the NBDs of ABC transporters. An un-
usual “hinge” domain along the NBD1:NBD2 interface
provides a frame for association and possibly ATP-
driven conformational changes of the NBDs. Our re-
sults establish a first structural basis for ABC domain
heterodimers and suggest that RLI may act as mecha-
nochemical enzyme in ribosome and HIV capsid bio-
genesis.
Introduction
It was recently found that assembly of immature HIV1
capsids, which is driven by the assembly ofw1500 viral
gag proteins and viral genomic RNA, requires ATP hy-
drolysis by a 68 kDa cytoplasmic ATPase (RNase-L in-
hibitor; RLI [Zimmerman et al., 2002]). RLI, also denoted
ABCE1 or HP68, was originally identified as inhibitor of
the antiviral RNase-L (Bisbal et al., 1995). However, RLI
is conserved from archaea to human, in contrast to
RNase-L, which is only found in vertebrates (Kerr, 2004;
Silverman, 2003). In addition, RLI is essential in yeast
and C. elegans, both of which do not have a homolog
of RNase-L (Giaever et al., 2002; Kamath et al., 2003).
In fact, recent data suggest that the essential cellular
function of RLI is associated with ribosome biogenesis
and formation of translation initiation components
(Dong et al., 2004; Estevez et al., 2004; Kispal et al.,
2005; Yarunin et al., 2005; Zhao et al., 2004). In this pro-
cess, yeast RLI was found to interact with eukaryotic
translation initiation factor eIF3 as well as ribosomal
subunits. Thus, RLI emerges as a key enzyme in dif-
ferent RNA/protein assembly or maturation processes.*Correspondence: hopfner@lmb.uni-muenchen.deThe mechanism of RLI in these processes has not
been revealed.
RLI contains two ATP binding cassette (ABC) ATPase
domains (twin cassette) along with several RLI-specific
domains, including an N-terminal iron sulfur cluster
(FeS) binding domain (Kispal et al., 2005; Rees and
Howard, 2003; Yarunin et al., 2005). ABC ATPases are
a large and diverse class of mechanochemical enzymes
that are involved in many biological processes in all
kingdoms of life (Decottignies and Goffeau, 1997). For
instance, ABC transporters conduct vectorial transport
of substances across cell and organelle membranes,
Rad50/SMC proteins are involved in DNA recombina-
tion, chromosome condensation or sister chromatid co-
hesion, and ABC50 is implicated in translation initiation
(Chakraburtty, 2001; Holland and Blight, 1999; Hopfner
and Tainer, 2003). Despite these diverse functions, ABC
enzymes share a conserved architecture. They contain
a homo- or heterodimer of ABC-type nucleotide bind-
ing domains (NBDs) that interact with additional func-
tional and/or substrate binding domains (for recent re-
views, see Higgins and Linton, 2004; Hopfner and
Tainer, 2003; Schmitt and Tampe, 2002). The NBDs con-
sist of two lobes (Hung et al., 1998). Lobe I contains the
primary ATP binding site and contains Walker A/B and
Q loop motifs. Lobe II contains the conserved “LSGGQ”
signature motif. ATP binding to the interface of two op-
posing NBDs induces a power stroke, which has two
components. First, ATP binding to Walker A/B and Q
loop motifs reorients the lobes I and II. Secondly, re-
cognition of the ATP γ-phosphates by the signature mo-
tifs from the opposing NBD induces a clamp-like mo-
tion in the NBD dimers to form a tight NBD-ATP-NBD
sandwich. The power stroke in the NDB dimers is sug-
gested to induce conformational changes in associ-
ated domains.
The structural mechanism of ABC enzymes is of high
biomedical relevance. A variety of ABC enzymes is as-
sociated with human disease, including cystic fibrosis,
Tangier disease, cancer predisposition syndromes, and
multidrug resistance of tumor cells. The structure of in-
dividual ABC ATPase domains and the association of
NBD homodimers in response to ATP is well studied
(Chen et al., 2003; Diederichs et al., 2000; Gaudet and
Wiley, 2001; Hopfner et al., 2000; Hung et al., 1998; Kar-
powich et al., 2001; Lammens et al., 2004; Lewis et al.,
2004; Lowe et al., 2001; Schmitt et al., 2003; Smith et
al., 2002; Verdon et al., 2003). However, only very few
structures of more complete ABC enzymes have been
reported. Available structures include two ABC trans-
porters (Chang and Roth, 2001; Locher et al., 2002), the
DNA mismatch repair enzyme MutS (Lamers et al.,
2000; Obmolova et al., 2000), and a SMC:kleisin com-
plex (Haering et al., 2004). In addition, the structural
mechanisms of NBD heterodimers have not been re-
vealed. For this reasons, the principles governing the
architecture and mechanism of different ABC enzymes
and the transmission of ATP-driven structural changes
from NBDs to associated domains are only incom-
pletely understood.
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650To learn more about architecture and mechanism of T
twin cassette ABC enzymes and RLI, we determined
Cthe crystal structure of Pyrococcus furiosus RLI-FeS
S(truncated FeS domain) to 1.9 Å resolution and tested
Uthe functional architecture of yeast RLI in Saccharo-
myces cerevisiae. The structure of RLI reveals similari-
ties but also differences to known ABC enzyme struc-
tures. The twin NBDs are similarly arranged than the X
two NBDs of the BtuCD ABC transporter, suggesting W
Dthat RLI and possibly other twin cassette ABC enzymes
Oundergo the typical ATP-induced clamp-like motion of
Cthe NBDs domain. In contrast to other ABC enzymes,
RRLI possesses a “hinge” domain that tightly binds
I
along the NBD1:NBD2 interface on the opposite side of
Rthe active side cleft. Thus, the hinge may prearrange
Rthe NBDs and could provide a structural frame to allow
RATP-driven conformational changes in the NBDs. Our
Nresults provide a structural framework for understand-
R
ing the essential ATP-driven action of RLI in viral and R
cellular RNA/protein assembly processes and establish R
a first structural basis of ABC domain heterodimers. C
a
b
cResults and Discussion
t
dCrystallization and Structure Determination
wWe expressed coding sequences of RLI homologs from
several organisms in Escherichia coli and subjected
soluble proteins to crystallization trials. To obtain crys-
tals, it was necessary to truncate the N-terminal FeS S
domain (residues 1–74). Although full-length protein R
can be expressed in a soluble manner, inhomogeneities 1
resulting from incomplete assembly or oxidation of the (
putative FeS clusters presumably interfere with crystal s
formation. As truncation site, we chose a hydrophilic 5
loop region after the last predicted FeS cysteine ligand. t
We obtained crystals of RLI-FeS from Pyrococcus i
furiosus (pfu) and Pyrococcus abyssi (pab) in complex a
with Mg2+-ADP. We determined the structure of pfuRLI- c
FeS in two different crystal forms, as well as pabRLI- r
FeS in a single crystal form. All three crystal structures m
are virtually identical, indicating the fold and domain b
arrangement of RLI is not influenced by crystallization A
conditions and crystal lattice packing (see Figure S1 in a
the Supplemental Data available with this article on- e
line). In the following, we will present and discuss the
highest resolved structure of P. furiosus RLI-FeS. The l
crystals of space group P212121 contained one mole- a
cule in the asymmetric unit and diffracted to 1.9 Å (see α
Experimental Procedures; Table 1). We obtained phases N
from crystals of selenomethionine-RLI-FeS by a single c
wavelength anomalous dispersion experiment at the (
selenium absorption edge. Density modification and d
phase extension yielded a high-quality electron density (
that was used for automated model building (Figure t
1A). The final model, refined at 1.9 Å resolution, com- c
prised 515 residues (Glu76 to the native C terminus) s
along with two Mg2+-ADP moieties and 337 water mole- W
cules (Figure 1B). Based on the strong evolutionary h
conservation of the entire polypeptide chain of RLI α
(45%–50% sequence identity between archaeal and N
eukaryotic homologs, Figure 2), the structure is also a 
Agood model for eukaryotic RLI.able 1. Crystallographic Data Collection and Analysis
rystallographic Data
pace group P212121
nit cell (Å) a = 59.7
b = 74.6
c = 123.7
α = β = γ = 90°
-ray source PX
avelength (Å) 0.9791
ata range (Å) 30–1.9
bservations (unique anomalous) 249,322 (44,451)
ompletenessa (%) (last shell) 95.2 (72.0)
sym
b (last shell) 0.076 (0.218)
/σI (last shell) 9.4 (3.0)
efinement
esolution range (Å) 25–1.9
eflections F > 0 (crossvalidation) 43,504 (2,176)
onhydrogen atoms (solvent molecules) 4,487 (337)
work
c (Rfreed) 0.199 (0.225)
msd bond length (Å) 0.012
msd bond angles (°) 1.5
ore (%) (disallowed) in Ramachandran plot 92.0 (0.0)
Anomalous completeness.
Rsym is the unweighted R value on I between symmetry mates.
Rwork = Shkl||Fobs(hkl)| − |Fcalc(hkl)|/Shkl|Fobs(hkl)| for reflections in
he working dataset.
Rfree = the crossvalidation R factor for 5% of reflections against
hich the model was not refined.tructural Overview
LI-FeS consists of three structural domains (Figures
and 2). Two ABC-type nucleotide binding domains
NBD1 and NBD2) and a “hinge” domain form a “V”-
haped particle with overall dimensions of app. 75 ×
0 × 50 Å. NBD1 and NBD2 are arranged in a head-
o-tail orientation with a deep cleft at the NBD1:NBD2
nterface. This cleft—denoted active site cleft—runs
long the long axis of the molecule and harbors both
omposite ATPase active sites of RLI. The mutual ar-
angement of NBD1 and NBD2 is similar to the arrange-
ent of NBD dimers in the ABC transporter BtuCD (see
elow), suggesting that the ATP-driven mechanism of
BC transporters and the DNA repair enzyme Rad50
lso forms the mechanistic basis of RLI function (Chen
t al., 2003; Hopfner et al., 2000; Locher et al., 2002).
Both NBD1 and NBD2 have the characteristic bi-
obed fold of ABC ATPases (Figures 1 and 2A; Hung et
l., 1998). Lobe I of each ABC domain possesses a
/β-fold with a central α helix (αA of NBD1 and αL of
BD2) that is sandwiched between two β-sheets. The
entral α helix of lobe I harbors the ATP binding P loop
consisting of the Walker A motif). Lobe II of each ABC
omain is mostly α helical. A central α helix of lobe II
αH of NBD1 and αQ of NBD2) contains the ABC signa-
ure motif (or C motif). Both lobes are connected by a
entral parallel β-sheet (strands 3,4,5,6,7 in NBD1 and
trands 15,16,17,18,19 in NBD2) that harbors the
alker B motif. In addition, NBD1 contains a conserved
elix-loop-helix (HLH) insertion, consisting of αB and
C. The HLH insertion is situated on the outside of
BD1, adjacent to the (truncated) N terminus of RLI-
FeS. An equivalent, albeit shorter, helical insertion in
BC transporters mediates some contacts to associ-
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651Figure 1. Structure of RLI-FeS
(A) Experimental single anomalous dispersion (SAD) and 2Fo − Fc electron densities at the Mg+2-ADP moiety (contoured at 1σ).
(B) Stereo plot (top view) of a ribbon representation of the crystal structure of P. furiosus RLI-FeS. Secondary structures are highlighted and
annotated. RLI contains two ABC type ATPase domains (orange NBD1; yellow NBD2), folded into two lobes (lobes I and II), along with two
RLI specific “non-ABC” subdomains (blue hinge I, green hinge II). Two active sites are located in the NBD1:NBD2 interface, each harboring a
Mg2+-ADP moiety (color-coded stick model with cyan carbons, red oxygens, blue nitrogens, white phosphor atoms, and magenta magnesium
ions). A flexible linker connects the hinge to NBD2.
(C) Side view of a ribbon representation of RLI-FeS using the color code of (B). Inset: Close-up view of a superposition of pfRLI-FeS in
two different crystal forms (blue, green) shows conformational variability of the linker. The NBDs are depicted as gray surface (only one crystal
form is shown; also see supplement).ated transmembrane domains in the ABC transporter
BtuCD (Locher et al., 2002). Thus, the HLH motif of RLI
could mediate interactions of NBD1 with associated
domains, for instance the FeS domain that is missing
in this structure.
The hinge domain is a unique feature of the RLI struc-
ture, compared to previously determined ABC enzyme
structures. It is situated along the NBD1:NBD2 inter-
face, on the opposite side of the active site cleft (Fig-
ures 1B and 1C). The hinge domain is composed of two
subdomains, denoted hinge I and hinge II. Hinge I is
formed by the sequence region between the two NBDs
and consists of a small α/β structure (αK and β9,β10).
A linker joins hinge I with NBD2. The linker is flexible as
judged by different conformations in two independent
crystal forms of Mg2+-ADP pfRLI-FeS (Figure 1C, in-
set), as well as by a high temperature factor (mean B
value, 50 Å2). For comparison, the temperature factors
of NBD1, NBD2, and hinge are 29.8, 23.8, and 32.3 Å2,
respectively. Flexibility of the linker loop could enable
large-scale ATP-driven conformational changes be-tween both ABC domains that likely occur in response
to ATP binding. Hinge II is formed by the highly con-
served C-terminal region of RLI and consists of two β
strands, flanked by two α helices (αT, β22, β23, αU).
Both hinge I and hinge II are intimately bound to each
other by a hydrogen bonding network that contains
several conserved arginine residues (R cluster: R300,
R559, R560, R566, R568) and buries 1130 Å2 surface
area. The R cluster residues are highly conserved among
RLI sequences, indicating that they are intimately con-
nected to RLI function (Figure 2; also see below).
Nucleotide Binding Domain and Active
Site Features
The V-shaped arrangement of the two NBDs forms a
w10 Å deep and w5–15 Å (bottom to top) wide active
side cleft at the NBD1:NBD2 interface (Figures 1B and
3A). NBD1 and NBD2 only share a small interface at the
bottom of the active site cleft (w1300 A2). The major
constituents of the NBD1:NBD2 interface are formed by
two conserved loops, denoted D loops and His-switch.
Structure
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(A) Topology diagram of RLI-FeS using the color code of Figure 1. Secondary structure elements (arrows, β strands; cylinders, α helices)
and key motifs are annotated.
(B) Structure-based sequence alignment of RLI from Pyrococcus furiosus (pfu), Saccharomyces cerevisae (yeast), and human reveals an
exceptional evolutionary conservation of the entire polypeptide chain (dark gray, identical; gray, conserved; white, variable). RLI contains two
nucleotide binding domains (NBD) of the ATP binding cassette (ABC) family (I, red; II, yellow) along with several RLI unique domains. The N
terminus contains two cystein rich motifs (green), which are predicted to bind iron-sulfur clusters (FeS). Two highly conserved regions between
(hinge I) and behind (hinge II) the NBDs form the hinge domain. ATPase and other functional motifs are highlighted and annotated. Secondary
structural elements are annotated and shown on top of the alignment (β strands, arrows; α helices, boxes). Mutations used to test the
functional architecture of RLI in yeast are encircled on top of the alignment (black, loss of function; white, no detectable loss of function).
Sequences of E. coli BtuD (vitamin B12 transporter NBD) and E. coli MalK are added for comparison, with highlighted functional motifs.
RLI Structure
653Figure 3. Active Site and Hinge Domain Fea-
tures
(A) Stereo view of the NBD1:NBD2 hetero-
dimer interface (top view), using the color
code of Figure 1. The NBD1:NBD2 dimer
interface contains two composite active
sites, each consisting of opposing P loops
and signature motifs. Each of the two P
loops contains a Mg2+-ADP moieties (cyan
color-coded ball-and-stick model). The
backbone is shown as ribbon representation
with secondary structure elements. Several
key side chains that are likely involved in
ATP-driven conformational changes of the
ABC domains are highlighted. Notable hy-
drogen bonds are shown as dashed lines
(see text for details).
(B) Stereo view of the hinge domain and its
interface with the NBDs (in bottom view,
using the color code of Figure 1). The hinge
domain (cyan/blue tube backbone with high-
lighted and color-coded side chains) tightly
packs into the interface of NBD1 and NBD2
(yellow/red surface representation). The ma-
jority of the hinge:NBD interaction is hy-
drophobic (dark red surface patches). The
core of the hinge harbors a highly conserved
basic sequence region (R cluster with high-
lighted side chains). Mutations in the core of
the hinge (R cluster residues and S574) are
lethal in yeast, whereas control mutations in
peripheral hinge (E579) and linker regions
are viable. The conserved R cluster is at the
expected pivot point of ATP-induced confor-
mational changes of the NBDs.These loops have been previously implicated in associ-
ation of NBD homodimers and ATP-driven conforma-
tional changes (for reviews, see, e.g., Hopfner and
Tainer, 2003; Schmitt and Tampe, 2002, and references
therein). The two composite ATPase active sites are lo-
cated near the lateral entrance sides of the active site
cleft. Each active site is formed by Walker A/B and Q
loop motifs from one NBD and by the signature motif
from the opposing NBD. The ABC conserved signature
motifs are approximately 11 Å from the expected posi-
tion of the ATP-γ-phosphate. Since the signature motifs
have been shown to bind the γ-phosphate in ATP
bound crystal forms of ABC enzymes (Chen et al., 2003;
Haering et al., 2004; Hopfner et al., 2000; Lammens et
al., 2004; Smith et al., 2002), the active sites of RLI
might undergo a significant conformational change in
response to ADP/ ATP exchange.
Both active sites contain an Mg2+:ADP ligand (Fig-
ures 3A and S2). The adenine rings of the ADP mole-
cules are situated in a shallow aromatic/hydrophobic
groove, formed by conserved “Y” loops, while phos-
phate and magnesium moieties are bound to the
Walker A (P loop) and B motifs, respectively. Notably,
both Q loop glutamines (Q165 and Q406) contribute
one oxygen ligand to the magnesium coordination
spheres in both active sites (Figures 3A and S2). This
interaction has been found to be an important elementfor intradomain rotations of lobe I with respect to lobe
II and is observed in Mg2+-ATP bound NBDs (Hopfner
et al., 2000; Karpowich et al., 2001; Smith et al., 2002).
Our structure suggests that this interaction, and conse-
quently rotation of lobe II, might also form in the pres-
ence of Mg2+-ADP. Thus, ATP binding or ADP dissoci-
ation but not ATP / ADP hydrolysis could induce
intradomain rotations in RLI, if such rotations occur.
NDB1 and NBD2 are highly related by superposition.
The root mean square deviation of a structural super-
position of NBD1 and NBD1 amounts to 1.09 Å over
186 Cα atoms (w entire NBDs), or to 0.78 Å over 147
Cα atoms (secondary structure core) (Table 2). This sim-
ilarity, which is observed in all crystal forms (Figure S2),
suggest that NBD1 and NBD2 are in the same func-
tional state, consistent with a model in which both ATP
molecules are hydrolyzed in a single power stroke
(Patzlaff et al., 2003). In principle, such a power stroke
could proceed via concerted (symmetric) or sequential
(asymmetric) ATP hydrolysis in both active sites. The
present ADP bound structure of RLI does not support
a “two-cylinder engine” mechanism for RLI, with al-
ternating hydrolysis in both active sites (for a recent
review on hydrolysis models, see, e.g., van der Does
and Tampe, 2004, and references therein). However, the
precise mechanism of ATP hydrolysis by RLI requires
further biochemical and structural characterization.
Structure
654Table 2. Structural Comparison of RLI NBD1 and NBD2 to Other ABC ATPase Domains
RLI RLI NBD1a RLI NBD2b
Rmsd (Å) No. of Cα Rmsd (Å) No. of Cα Rmsd (Å) No. of Cα
RLI NBD1a — — — — 1.09 186
RLI NBD2b — — 1.09 186 — —
CTV-BtuD 1.99 322 1.28 170 1.23 169
ATP-MJ0796 — — 1.35 161 1.38 163
ATP-MalK — — 1.44 168 1.32 169
apo-MalK — — 1.96 148 1.80 150
ATP-SMC1 — — 1.76 143 1.74 144
Rmsd of a superposition of RLI, or individual nucleotide binding domains of RLI (NBD1 or NBD2) with the nucleotide binding domains of
several ABC enzymes. The number of superimposed Cα atoms used for rmsd calculation is indicated. Abbreviations (PDB codes): CTV-BtuD,
cyclotetravanadate bound vitamin B12 transporter nucleotide binding domain (1L7V); ATP-MJ0796, ATP bound archaeal transporter
nucleotide binding domain MJ0796 (1L2T); ATP-MalK, ATP bound maltose transporter nucleotide binding domain (1Q12); ATP-SMC, ATP
bound structural maintenance of chromosome protein SMC1 nucleotide binding domain (1W1W).
a Residues of pfRLI-FeS used: 75–329.
b Residues of pfRLI-FeS used: 330–590.The Hinge Domain f
tThe highly conserved sequence regions between and
behind the NBDs form the hinge domain that is tightly i
membedded into the NBD1:NBD2 interface, opposite
from the active site cleft (Figure 3B). The hinge domain n
Rpacks against the “bottom” of the D loop and His-
switch regions and their adjacent secondary structures s
R(αI,αJ in NBD1 and αR,αS in NBD2). The tight, mainly
hydrophobic interaction of the hinge with the NBDs e
tsuggests that it provides a structural framework for the
preorientation of NBD1 and NBD2. It has been pre- 4
hviously observed that the two NBDs of ABC enzymes
often have no strong interaction and require additional r
mstructural elements. In RLI, the two NBDs bury w1300 A2
of surface area at their interface, comparable to inter- l
sfaces found in other ABC enzymes. In contrast, the
hinge domain (hinge I plus hinge II) has a contact region N
aof w3500 A2 with the NBD dimer (NBD1 plus NBD2).
This much larger buried surface area suggests that the i
hinge is a key component for the orientation of the g
two NBDs. s
The intimate interaction of the hinge domain along a
the NBD1:NBD2 interface suggests that the hinge A
might not only preorient the two NBDs but also serve e
as pivot point for a clamp like motion of NBDs after ATP t
binding (see Figure 5B below). In fact, the location of m
the hinge domain resembles to some extent the loca- m
tion of regulatory domains in SMC proteins (the Kleisin
subunits) and the bacterial maltose transporter MalK
M(Bohm et al., 2002; Chen et al., 2003; Haering et al.,
T2004). Although the hinge domain is more tightly em-
cbedded in the NBD1:NBD2 interface and in overall
wstructure quite distinct from regulatory domains of
tMalK, some of the contact regions of the hinge with
ANBD1:NBD2 of RLI overlay with equivalent contact re-
sgions of the MalK regulatory domain with the MalK
rNBDs. This similarity raises the possibility that the
Nhinge in RLI not only prearranges both NBDs in the ab-
tsence of nucleotides or after ATP hydrolysis, but could
Balso allow clamp-like motions of the NBDs in response
Nto ATP binding.
p
iFunctional Analysis in Yeast
(To test structural implications experimentally and to
learn more about conserved motifs of RLI, we analyzed Bunctional motifs of RLI in yeast in vivo. Disruption of
he Saccharomyces cerevisiae RLI gene (RLI1) results
n inviablity, which can be rescued by addition of plas-
id encoded yeast RLI1 under control of the endoge-
ous promoter (Figure 4A). An essential function of
LI1 has also been previously observed in a systematic
creen in C. elegans, underscoring the importance of
LI outside yeast as well (Giaever et al., 2002; Kamath
t al., 2003). Using a yeast complementation assay, we
ested the roles of RLI functional motifs (Figures 2B and
). We find inviable mutations in FeS cluster, hinge I and
inge II motifs, suggesting that these three RLI specific
egions are essential for RLI function. In addition, point
utations in Walker motifs in either ATPase active site
ed to inviable phenotypes, consistent with recent re-
ults (Dong et al., 2004). Thus, ATP hydrolysis in both
BDs is required for RLI’s mechanism. Consistently, we
lso find inviable mutations in both signature motif ser-
nes (yeast numbering S223R, S469R) as well as Q loop
lutamines (yeast numbering Q171, Q420). Equivalent
ignature motif S/R mutations have been found to
bolish the formation of NBD dimers with sandwiched
TP molecules (Hopfner et al., 2000). Thus, the lethal
ffect of these mutations in RLI1 supports the struc-
ural model that both NBDs of RLI undergo a clamp like
otion in response to ATP binding by sandwiching ATP
olecules in the NBD1:NBD2 interface.
odel for ATP-Induced Conformational Changes
o reveal the putative effect of the expected ATP-driven
onformational change on the overall structure of RLI,
e compared the ADP bound RLI-FeS structure with
he NBDs of ABC transporters and other ABC enzymes.
DALI search of the Protein Data Bank, followed by
tructural superposition with LSQMAN, calculation of
ms deviations and manual inspection revealed that
BD1 or NBD2 of RLI are most closely related to the
etradecavanadate bound NBDs of the ABC transporter
tuCD (Table 2; Locher et al., 2002). Quite remarkably,
BD1 and NBD2 of RLI not only individually superim-
ose well with BtuD, but the NBD1:NBD2 dimer super-
mposes remarkably well with the NBD dimer of BtuCD
Figure 5A). This similarity indicates that in both RLI and
tuCD, the NBDs are “prearranged” in a highly similar
RLI Structure
655Figure 4. Functional Analysis of RLI Architecture in Yeast
(A) Examples for loss of complementation by plasmid-born mutants of RLI1. Yeast cells bearing a deletion of the endogenous RLI1 gene and
a URA3 plasmid-born copy of RLI1 was transformed with plasmids carrying different mutant versions of RLI1. After plasmid shuffle (see
Experimental Procedures), complementation was tested on selective medium containing 5-fluorotic acid. Wild-type (wt) RLI1 and some
mutations (for example, P494N) complement the endogenous deletion, whereas several other mutations in RLI1 lead to loss of function (see
Figure 2 for a complete set of mutations).
(B) Inviable (red spheres) or viable (green spheres) yeast mutations mapped onto the RLI crystal structure (tube model with gray ABC domains
and blue hinge domain) show that both ATPase active sites as well as the hinge domain are essential for RLI function. RLI-FeS is shown in
side view as stereo plot.manner to await ATP uptake. To structurally estimate
the ATP-driven conformational change of RLI, we then
compared RLI-FeS with an ATP bound NBD dimer of
the bacterial ABC transporter MJ0796 (Smith et al.,
2002). Both NBDs of RLI individually overlay well with
one of the two NBDs in the symmetric MJ0796 homodi-
mer (Table 2; Figure 5B). This superposition did not re-
quire relative motions of lobes I and II, presumably be-
cause binding of Q165 and Q406 to the active site
magnesium ions induces a lobe I/lobe II orientation that
is also as found for ATP bound NBDs. However, the
NBD1:NBD2 dimer of RLI cannot be directly overlaid
with the ATP-sandwiched NBD dimer of MJ0796. As
can be seen in Figure 5B, NBD2 of RLI has to swing
approximately 40° with respect to NBD1 to superim-
pose with the second NBD of ATP-MJ0796. The esti-
mated w20° clamp-like motion of NBDs toward each
other is equivalent both in direction and in magnitude to
the clamp-like motion that has been observed between
open (nucleotide-free) and closed (ATP bound) confor-
mations of the MalK NBDs (Chen et al., 2003). Thus, the
ATP-driven power stroke of NBD1 and NBD2 might be
qualitatively and possibly quantitatively similar to the
power stroke of ABC transporters. Although detailed
analysis of such a power stroke requires further experi-
ments, the lethal effects of S/R mutations in both sig-
nature motifs of RLI l experimentally support such a
model (Hopfner et al., 2000).
Because the hinge domain is intimately connected to
both NBDs, the putative power stroke within the NBDs
of RLI might require or induce some structural changes
within the hinge domain (Figure 5B). A speculative, but
possible conformational change could for instance oc-
cur in the interaction site between hinge I and hinge II,
which harbors the conserved R cluster and forms a
highly conserved surface patch on the hinge domain
(Figures 3B and 5C). If the hinge and the R cluster are
involved in ATP-driven conformational changes, we
should expect to see lethal mutations in this region. Weanalyzed several mutations in hinge and R cluster resi-
dues in yeast. Indeed, mutations in the R cluster are
lethal in yeast, while mutations in the periphery of the
hinge are viable (Figures 2 and 4B). This is consistent
with the idea that the R cluster is a critical functional
site of RLI and may for instance functionally link
ATP-driven conformational changes in the NBDs to
substrates. In support of this model, S574E in the im-
mediate vicinity of the R cluster also results in yeast
nonviability, although this residue is located on the sur-
face of the clamp and not directly involved in hinge
I:hinge II interaction. S574E could for instance disrupt
an important macromolecular interaction site of RLI.
However, the lethal effects of R cluster mutations may
alternatively arise from defective prearrangement of
NBDs or a failure to conduct conformational changes
in response to ATP binding.
RLI Reveals a Functional Architecture
of ABC Enzymes
Considering the location of the hinge domain, the func-
tional architecture of RLI appears to be a variation from
that of ABC transporters and other structurally char-
acterized ABC enzymes (Figure 6). Previous studies
established that NBDs often communicate with associ-
ated domains via a structurally diverse region (SDR) of
lobe II, consisting of the sequence patch between the
Q loop and the signature motif (Schmitt et al., 2003).
For instance, in ABC transporters the SDR binds the
transmembrane domains, while in Rad50 this region
harbors the coiled-coil domain that interacts with the
nuclease Mre11 (Hopfner et al., 2001; Locher et al.,
2002). To identify important surface regions we mapped
the degree of sequence conservation onto the molecu-
lar surface or RLI-FeS (Figure 5C). Three surface re-
gions show strong sequence conservation. First, the
entire active site cleft is highly conserved in evolution,
consistent with the idea that the active site cleft closes
in response to ATP binding. A second conserved sur-
Structure
656Figure 5. Model for ATP-Driven Conformational Changes
(A) Stereo view of a superposition of RLI (red) with the NBDs of the ABC transporter BtuCD (blue). Both structures (displayed as Cα traces)
superimpose remarkably well, indicating that ATP-driven conformational changes in RLI and possibly other twin cassette NBD heterodimers
are related to that of ABC transporters. The positions of P loops (P) and signature motifs (S) are indicated.
(B) Superposition of RLI (shown as tube model in side view with the color code of Figure 1) with the ATP bound NBD MJ0796 homodimer.
NBD1 of RLI is directly superimposed onto one MJ0796 subunit. Superposition of NBD2 onto the second MJ0796 subunit requires an
estimated w40° rotation of NBD2 with respect to NBD1 (visualized by two lines drawn along the P loop helices of RLI and MJ0796, respec-
tively). The putative power stroke of the NBDs in response to ATP binding might require or induce conformational changes in the hinge domain.
(C) Molecular surface of RLI-FeS with highlighted surface conservation (dark green, invariant; green, highly conserved; pale green, con-
served; white, not conserved), shown in top and bottom view as indicated. Conservation was analyzed by comparison of archaeal, human,
and yeast RLI. Three conserved surface patches are found in the active site cleft, at the R cluster and at the N terminus. In contrast, the
surface of the “structurally diverse regions” of lobe II (SDR) are not significantly conserved in RLI, indicating that these regions do not
participate in critical protein-protein interactions.face patch is found at the (truncated) N terminus of RLI- S
RFeS. Likely, this surface patch could be an interaction
site with the FeS domain (missing in this study). A third a
thighly conserved surface patch is located near the
interface of hinge I and hinge II (R cluster). As dis- c
acussed above, this region could form a macromolecular
interaction site, but alternatively could also be impor- i
atant for ATP-driven conformational changes.
In contrast, the SDRs of lobe II are not significantly t
bconserved among RLI sequences, although equivalent
structural regions form important macromolecular in- p
Yteraction sites in other ABC enzymes. Consistently, we
did not find any inviable mutation in the SDRs of lobe c
iII (Figures 2B and 4B). Thus, RLI may exhibit a quite
different functional architecture with respect to propa- T
sgation of the NBD-associated power stroke to associ-
ated domains than ABC transporters and Rad50. Based r
ion sequence conservation and location of lethal muta-
tions, a possible location of substrate interactions sites
Rof RLI could be at FeS and/or hinge domains.tructural Implications for RLI Function
LI is one of the most conserved enzymes between
rchaea and eukaryotes with a sequence identity be-
ween 45% and 50%. The high degree of evolutionary
onservation indicates that RLI fulfills a central role in
rchaeal and eukaryotic cell physiology, consistent with
ts lethal phenotype in yeast and C. elegans (Giaever et
l., 2002; Kamath et al., 2003). Recent findings indicate
hat this essential function of RLI is associated with ri-
osome biogenesis and translation preinitiation com-
lex assembly (Dong et al., 2004; Kispal et al., 2005;
arunin et al., 2005). The interaction of RLI with these
omplexes might be weak as suggested by its sensitiv-
ty to modest salt concentrations (Yarunin et al., 2005).
hus, RLI might be a transient component in these as-
embly or maturation processes, similar to its appa-
ently transient appearance in HIV1 capsid assembly
ntermediates (Zimmerman et al., 2002).
Our structural and mutational analysis suggests that
LI might act as an ATP-driven mechanochemical en-
RLI Structure
657Figure 6. Comparison or RLI Architecture to
ABC Transporters and DNA Repair Enzymes
Comparison of pfRLI-FeS (left ribbon
model) with the ABC transporter BtuCD
(middle), and two copies of the DNA double-
strand break repair enzyme Rad50 (right).
The two NBDs of each structure are de-
picted orange and yellow. Additional do-
mains of each enzyme are shown in blue.
While the arrangement of NBDs between RLI
and BtuCD is similar, the location of associ-
ated domains is remarkably different. In con-
trast, the location of transmembrane do-
mains of BtuCD is similar to the location of
the coiled-coil domains of Rad50 (CCD;
the arrangement of the two Rad50 NBDs in the absence of ATP has been modeled to facilitate comparison). This indicates that RLI has a
different functional architecture than BtuCD/Rad50 (see text for details).zyme in ribosome biogenesis and HIV capsid assembly.
TThus, a speculative but attractive and testable function
could be a direct role of RLI ATP-driven conformational
changes in the assembly, disassembly, or maturation of
RNA/protein complexes. For instance, ATP binding or
ATP hydrolysis could be linked to substrate recognition
or release, similar to the proposed activity of other
translation associated ABC enzymes (Tyzack et al.,
2000). Such a speculative mechanism is consistent with
previous results, suggesting that RLI functions as an
ATP-driven chaperone in at least the HIV capsid assem-
bly function (Zimmerman et al., 2002). In this respect, it
is important to note that some FeS domains have been
linked to nucleic acid binding (Kuo et al., 1992). Prelimi-
nary data indeed indicate that the FeS domain is at
least involved in direct RNA binding by P. abyssi RLI in
vitro (K.B. and K.P.H., unpublished data), and that yeast
RLI can probably interact with ribosomal 7S RNA (Yaru-
nin et al., 2005). However, since many FeS cluster con-
taining proteins are involved in electron transfer reac-
tions or function as a sensor for reactive oxygen
species, alternative roles for the FeS domain are pos-
sible.
Conclusions
The structure of RLI indicates that NBD heterodimers
and twin cassette ABC enzymes possess a similar ABC
domain arrangement than NBD homodimers. This sim-
ilarity further supports the possibility that the formation
of ABC dimers with sandwiched ATP molecules could
provide a universally conserved power stroke mecha-
nism among ABC enzymes. In future, it will be interest-
ing to test whether such a power stroke of RLI has a
direct role in modulating RNA/protein assemblies in an
ATP-driven manner. In principle, the energy gained by
ATP hydrolysis might be directly linked to assembly,
disassembly, or structural modulation of RNA or RNA/
protein complexes, for instance if RLI acts as a molecu-
lar chaperone. Although speculative now, such a model
could provide an explanation why RLI is found in di-
verse RNA/protein assembly or maturation processes.
Experimental Procedures
Protein Expression and Purification
The coding sequence of Pyrococcus furiosus RLI (pfuRLI-FeS,
lacking residues 1–74) was amplified from genomic DNA by thepolymerase chain reaction using oligonucleotides AAAAAAACA
ATGATGGAGCAGCTCGAAGAGGACTGT and AAAAGCGGCCGCC
TATTAGGCAATATAGTAGTATTCACCTTTC. The purified PCR prod-
uct was cloned into pET28 (Novagen) using NdeI/NotI restriction
sites. We transformed Escherichia coli BL21 codon plus RIL (Stra-
tagene, T7 promoter) cells with the resulting expression plasmid.
The transformed E. coli expression strain was grown with shaking
in LB in the presence of the appropriate antibiotics to an OD600 =
0.6–0.8. Gene expression was induced by adding 0.4 mM IPTG.
After incubation with shaking at 18°C overnight, the cells were har-
vested by centrifugation, resuspended in 50 mM phosphate (pH
7.5) and 300 mM NaCl, and disrupted by sonication. After sedi-
menting cell debris and other insoluble material, pfRLI-FeS was
purified from the supernatant by NiNTA affinity chromatography
(Qiagen), SourceQ ion exchange and Superdex S300 gelfiltration
chromatography (in 20 mM Tris [pH 7.5], 200 mM NaCl, 0.5 mM
EDTA). To produce selenomethionine containing pfuRLI-FeS, we
used BL21 RIL-X cells (Stratagene) and the protein was expressed
in minimal medial containing 50 mg/L L-selenomethionine. All buff-
ers were degassed before use and additionally contained freshly
added 10 mM β-mercaptoethanol.
Crystallization and Crystallographic Data Collection, SAD
Phasing, and Structure Refinement
Two microliters of purified pfRLI-FeS (or SeMet-pfRLI-FeS) (20
mg/ml in 20 mM Tris [pH 7.5], 200 mM NaCl, 0.5 mM EDTA) was
mixed with 1.5 l of precipitant solution (1.4 M NaCitrate, 100 mM
Tris [pH 7.8]) and crystallized at room temperature using the sitting
drop vapor diffusion method. Crystals in space group P212121 with
cell dimensions a = 59.6 Å, b = 74.6 Å, c = 123.7 Å, and one mole-
cule in the asymmetric unit grew within a week. Crystal were
mounted in nylon loops and flash frozen in a stream of 100 K nitro-
gen. We recorded a single wavelength anomalous dispersion ex-
periment to 1.9 Å resolution using SeMet-pfRLI-FeS crystals at
PX (Swiss Light Source, Villigen, Switzerland). Data from consecu-
tive 338 images (0.5° rotation per image) were processed and
scaled with the HKL suite (HKL Research, Charlottsville, VA). We
located eight out of nine selenium positions with Shake-n-Bake
using peak anomalous data (Smith et al., 1998). Phases to 2.5 Å
resolution were calculated with SHARP (de La Fortelle and Bri-
cogne, 1997). After phase improvement with SOLOMON (CCP4,
1994), a clear electron density was obtained. Eighty percent of the
polypeptide chain was automatically traced and built with an al-
ternating REFMAC/RESOLVE cycle (CCP4,1994; Terwilliger, 2002).
Remaining regions of the models were added manually using MAIN
(Turk, 1992). After overall anisotropic B value and bulk solvent cor-
rection, we refined the structure at 1.9 Å resolution by cycles of
positional and individual B value refinement with CNS (Brunger et
al., 1998) and manual model building with MAIN (Turk, 1992). The
solvent was added with CNS. Five percent of reflections were used
for cross validation, and omitted throughout refinement. Data col-
lection and model statistics are shown in Table 1.
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CYeast strains used in this study were derived from W303a (Mata
ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL psi+). RLI1 D
including 5# and 3# regions was amplified from genomic DNA C
using primer pair RJO1375 (GCCGCCGACGTGTCATTTTCGTCG)/ R
RJO1376 (CTGGCGCTCACACCGCGG) and cloned into SacII/XbaI
C
sites of plasmids pRS315 or pRS316 (Sikorski and Hieter, 1989),
h
resulting in plasmids RJP807 (pRS316-RLI1) and RJP810 (pRS315-
t
RLI1). One step gene replacement with a S. pombe HIS3 marker
C(Wach et al., 1997) of one copy in a diploid W303 strain resulted in
tstrain RJY1905 that is heterozygous for RLI1. After sporulation,
tonly his− spores were viable, indicating that RLI is essential. The
dlethal phenotype could be rescued by plasmid-based copies of
hRLI. A haploid strain (RJY1968) carrying a Drli1::SpHIS3 disruption
pand pRS316-RLI1 was used as shuffle strain to study the effects of
Mpoint mutations in RLI. Mutations in pRS315-RLI1 were introduced
using the Quickchange protocol (Stratagene) and confirmed by se- D
quencing before transformation into yeast. y
D
Three-Dimensional Alignment of Coordinates V
Three-dimensional alignment of coordinates and calculation of root M
mean square deviations were performed with LSQMAN (Uppsala o
Software Factory) using Cα atoms. After initial “brute force” align- D
ment, the dynamic programming-based operator was used with
A
standard settings. The quality and correctness of the alignment
t
was verified by graphical inspection.
B
ESequence Comparison and Phylogenetic Conservation
CPhylogenetic conservation of RLI was analyzed using data from
sBLAST comparisons of cluster of orthologous groups (COG) be-
Ptween prokaryotic and eukaryotic genomes (Tatusov et al., 1997)
G(ftp://ftp.ncbi.nih.gov/pub/COG).
dStructural figures were prepared with PYMOL (http://www.pymol.
porg), MolMol (Koradi et al., 1996), and Dino (http://www.dino3d.
org). G
D
F
tSupplemental Data
Two tables are available online at http://www.structure.org/cgi/ H
content/full/13/4/649/DC1/. K
k
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